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CONSTITUENT-LOAD CHANGES IN URBAN STORMWATER RUNOFF ROUTED THROUGH 
A DETENTION POND-WETLANDS SYSTEM IN CENTRAL FLORIDA

By Edward H. Martin and James L. Smoot 

ABSTRACT

The efficiency of a detention pond and wetlands temporary storage 
system to reduce constituent loads in urban runoff was determined. The 
reduction efficiencies for 22 constituents, including the dissolved, sus 
pended, and total phases of many of the constituents were investigated. A 
new method, not previously discussed in technical literature, was developed 
to determine the efficiency of a temporary storage system unit such as a 
detention pond or wetlands. The method provides an efficiency, called the 
regression efficiency, determined by a regression made of loads-in against 
loads-out of a unit with the intercept of the regression 'constrained to 
zero. The regression efficiency of the treatment unit is defined as unity 
minus the regression slope.

The detention pond generally reduced suspended constituent loads. The 
pond had a regression efficiency of 65 percent in reducing suspended solids 
loads, 41 percent for suspended lead loads, 37 percent for suspended zinc 
loads, 17 percent for suspended nitrogen loads, and 21 percent for suspended 
phosphorus loads. Settling of heavier suspended particles was probably the 
primary process that brings about this reduction.

The wetlands was generally effective in reducing both suspended and 
dissolved constituent loads. Regression efficiences for suspended constit 
uents were 66 percent for solids, 75 percent for lead, 50 percent for zinc, 
30 percent for nitrogen, and 19 percent for phosphorus. Dissolved phase 
constituent regression efficiences were 38 percent for solids, 54 percent 
for lead, 75 percent for zinc, 13 percent for nitrogen, and 0 percent for 
phosphorus. These load reductions were probably caused by various processes 
such as sedimentation, coagulation, filtration, adsorption, and biological 
assimilation and transformation. Biochemical recycling of nutrients, such 
as nitrogen and phosphorus, likely account for the relatively small regres 
sion efficiencies estimated for these constituents in the wetlands.

The system (the pond and wetlands combined) achieved appreciable 
reductions of loads for most constituents. Significant positive regression 
efficiencies for the system were found for all constituents except the 
nutrients dissolved nitrate and dissolved orthophosphate. System regression 
efficiencies were 55 percent for total solids, 83 percent for total lead, 70 
percent for total zinc, 36 percent for total nitrogen, and 43 percent for 
total phosphorus.



INTRODUCTION

One of the primary conclusions of the many urban stormwater hydrologic 
studies made nationwide over the last several years (prior to 1985) is that 
urban stormwater runoff often contains significant quantities or loads of 
numerous chemical and physical constituents that may adversely affect the 
water quality of nearby receiving waters. These constituent loads are 
caused by the rainfall washoff of deposited material from sources such as 
vehicle emissions, traffic litter, construction sites, lawns treated with 
fertilizers and pesticides, and atmospheric deposition. Several general 
categories of constituents are common in urban runoff including heavy 
metals, dust and soil material, nutrients, pesticides, bacteria, and natural 
and industrial organic compounds.

Numerous practices to mitigate the effects of stormwater runoff on 
water quality have been used, although their effectiveness has rarely been 
documented. Common practices have included predevelopment planning to 
preserve natural land conditions and limit embankment slopes; maintenance 
activies such as neighborhood cleaning and street sweeping; and use of 
treatment devices such as exfiltration tanks, porous pavements, swales, 
filtration devices, and various types of temporary storage systems such as 
detention or retention ponds and wetlands.

In Florida, treatment equivalent to some form of retention or detention 
of the first inch of rainfall is required by State law (Florida Department 
of Environmental Regulation, 1982). With the growing use of these costly 
stormwater treatment systems, there is great need for scientific documen 
tation regarding the effectiveness and physical processes of these systems.

To provide information about the effectiveness and physical processes 
of these systems, a detention pond and wetlands stormwater treatment system 
located in an urban area of west Orlando (fig. 1) was selected for study. 
The study was conducted by the U.S. Geological Survey in cooperation with 
the Florida Department of Transportation.

Purpose and Scope

The purpose of this report is to present the results of data collection 
to measure the changes in constituent loads in urban stormwater runoff 
routed through a stormwater temporary-storage system, composed of a deten 
tion pond and shallow wetlands; to describe a new approach to estimate the 
efficiency of a stormwater treatment system; and to present some discussion 
on the factors that affect load changes and efficiencies. The scope of the 
study included intensive measuring and sampling of storm runoff as it passed 
through an in-line detention pond and shallow wetlands. Data were collected 
during a 2-year period from 1982 through 1984.
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Figure 1.--Location of study area in Orange County.

Study Approach

The study approach included the installation and operation of hydro- 
logic data-collection and sampling equipment and analysis of the collected 
data. Figure 2 is a sketch showing the path of water movement at the study 
site. Runoff delivered to the detention pond and wetlands is from a mixed 
roadway and low and high-density residential land use drainage basin. The 
pond and wetlands were instrumented to automatically collect water samples 
at the pond inlet, pond outlet (wetlands inlet), and the wetlands outlet 
(fig. 2). The instrumentation gaged flow at the three sites so that con 
stituent mass loads passing all three points could be determined.
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Figure 2.--Movement of water through a detention pond-wetlands system.

Rainfall measurements and precipitation samples were collected and the 
rainfall measurements were used to compute a rainfall-runoff relation. The 
bottom material in the pond and the wetlands were sampled to check for the 
accumulation of deposited constituents. Deposition of the suspended part of 
the mass load due to sedimentation was expected. Samples from the surficial 
aquifer were also collected to determine if constituents in the runoff were 
in the surficial aquifer.

Data were collected for 22 constituents found in the runoff. The 
constituents for which loads were calculated were grouped into four classes: 
(1) major ions, including chloride, sodium, sulfate, calcium, magnesium, 
potassium, and bicarbonate; (2) selected physical and chemical properties, 
including solids, suspended volatile and nonvolatile solids, and chemical 
oxygen demand; (3) metals, including lead and zinc; and (4) nutrients which 
included the nitrogen and phosphorus species, orthophosphate, and total 
organic carbon. Analyses for several constituents, such as cadmium, 
chromium, copper, and strontium, were made; no concentrations above detec 
tion limits were found.



Previous Investigations

Previous studies indicate that temporary storage systems can reduce 
loads of constituents associated with suspended or particulate matter in 
runoff. However, some constituents loads, particularly nutrients loads, 
were found to increase (Scherger and Davis, 1982) in runoff as it passed 
through a temporary storage system.

Researchers in urban hydrology use some unique classification schemes 
and terms. Ponds used as stormwater treatment devices are classified by 
their residence times or the length of time the runoff is held in temporary 
storage. Ponds that detain the runoff for less than 24 hours are classified 
as detention ponds. Ponds that retain runoff for more than one day are 
classified as retention ponds. This classification system is arbitrary and 
the characteristics and process of one are applicable with consideration to 
the other. Wetlands retention times are usually at least 24 hours and this 
classification system is not usually applied to them. Ponds are also clas 
sified by the presence or absence of water in the pond during dry periods 
between storms. A pond that has water stored in it between storms is a wet 
pond and a pond that has no between-storm storage is described as a dry 
pond. The volume of water in storage in a wet pond between storms is called 
dead storage. The storm runoff storage capacity of a pond is called live 
storage (Wanielista, and Yousef, 1985, p. 7).

Luzkow and others (1981) described the effectiveness of a wet retention 
pond in Michigan in reducing stormwater constituent loads. The pond for 
their study drained a 66.7-acre mixed residential, commercial, and parkland 
land-use area. Dead-storage volume of the pond was 233,000 ft 3 , and live 
storage was 310,000 ft 3 . Residence time of runoff in the pond was estimated 
to range between one and several days. Monitoring stations were established 
at the basin inlet and outlet to obtain flow and water-quality data. Water 
samples were collected using automatic samplers paced by flow recorders to 
provide composite flow proportional samples. Suspended sediment removal was 
greater than 50 percent for 11 of 14 monitored storms. Total phosphorus 
removals were greater than 50 percent for 8 of 14 monitored storms, and 
total Kjeldahl nitrogen (organic + ammonia nitrogen) removal was greater 
than 80 percent for 6 of 7 monitored events. A net export of total solids, 
total phosphorus, and total Kjeldahl nitrogen was found for rainfall depths 
less than about 0.3 inches. Luzkow concluded that the net export of solids 
and lead for small rainfall depths was due to background levels of these 
constituents present in the system. The net export of phosphorus and nitro 
gen was attributed to their incorporation and release into the system during 
the spring months. Luzkow found a good relation between rainfall and 
influent loads; the relation of effluent mass loads and rainfall was much 
weaker. He concluded that effluent loads are more dependent on influent 
loads than rainfall, and the amount of constituent load retained by a deten 
tion facility is a function of influent mass loads and basin geometry.

Scherger and Davis (1982) reported the results of two constituent loads 
reduction studies in Michigan; one of a wet retention pond and the other of 
a naturally occurring wetlands. The retention pond received drainage from 
4,900 acres of mixed residential, commercial, parkland, and agricultural 
land uses. The dead storage of the pond was 900,000 ft 3 and live storage



was 7,650,000 ft 3 . Monitoring stations were established at the inlet and 
outlet of the basin to obtain flow and water-quality data. Discrete samples 
were collected at 15- to 30-minute intervals and manually composited using 
the flow data. Seven storms were monitored. Suspended solids removal 
ranged from 10 to 85 percent, and total Kjeldahl nitrogen removal ranged 
from none to 50 percent. About half of the Kjeldahl nitrogen was found in 
the dissolved form. Phosphorus removal ranged from none to 82 percent. In 
analyzing the reduction of constituent loads in temporary storage systems, 
Scherger and Davis recommended that researchers not place too much emphasis 
on the individual storm percentage removal of various materials, but rather 
consider the constituent load changes and the types of mechanisms that cause 
those changes (Scherger and Davis, 1982, p. 117).

The wetlands studied by Scherger and Davis received drainage from 1,200 
acres of mixed residential, parkland, and agricultural land uses. The 
wetlands dead storage was 630,000 ft 3 and the live storage was 2,620,000 
ft 3 . The wetlands removed 76 to 93 percent of the solids. Total phosphorus 
removal ranged from 40 to 60 percent. Nitrogen removal was 20 to 30 per 
cent. Nitrogen loads leaving the wetlands were higher than loads entering 
during the winter months. Dissolved nitrogen loads were reduced in the 
summer probably due to its uptake by plants. The authors concluded that 
nitrogen was removed in the summer and released in the winter. The authors 
also suggested that the effectiveness of detention facilities can be reduced 
by the unsteady turbulent nature of the inflow which is responsible for 
short-circuiting, disruption of smooth settling profiles, and disruption of 
the sludge zone.

Ferrara and Witkowski (1983) described the efficiency of a detention 
pond to reduce the loads of four water-quality constituents for three 
storms. The basin received drainage from 637 acres of mixed high and low 
density residential and forest land use areas. The detention pond was a wet 
type with an approximate depth of 8 feet in dry weather. The inlet and 
outlet discharge was estimated using a U.S. Geological Survey stream-gaging 
station immediately downstream from the pond outlet and a hydraulic routing 
technique. Sampling equipment was located at the inlet and outlet of the 
basin. Grab samples were collected at discrete time intervals. The 
constituent concentrations were assumed to vary linearly in time between 
samples. The concentrations and discharge were combined to produce 
constituent loads. The detention basin was shown to be effective in 
reducing solids, chemical oxygen demand, and total phosphorus loads. Total 
Kjeldahl nitrogen loads were found to generally increase through the basin. 
Ferrara and Witkowski attributed the increase of total Kjeldahl nitrogen to 
the production of this constituent from settleable organic nitrogen 
deposited in the pond bottom sediments during previous storms.

DESCRIPTION OF THE DETENTION POND-WETLANDS SYSTEM

The stormwater temporary storage facility selected for study is part of 
an urban drainage system located in an urban area west of Orlando, in east 
central Florida (fig. 1). Treatment facilities within the system consist of 
an in-line detention pond in series with a natural wetlands. The detention 
pond and drainage for the wetlands were built in 1980 by the Florida Depart-



ment of Transportation to receive storm runoff from the urban roadway, 
Silver Star Road, and adjacent areas. The roadway is a four-lane, concrete 
thoroughfare with a posted speed limit of 45 miles per hour. The average 
daily traffic was counted in January 1984 as 22,000 vehicles.

The drainage basin of the detention pond and wetlands is approximately 
41.6 acres. The predominant land uses are forest, urban roadway, and high- 
density residential with some low-density residential. The size and 
relative area of land uses in the basin are:

Land use

Forest
Urban roadway 
High-density residential 
Low-density residential

Acres

11.1
13.7 
11.1 
5.7

Area
Percent 
of total

33
27 
27 
13

The drainage system consists of a collector network beneath approxi 
mately 2 miles of urban roadway, the detention pond, the wetlands, and a 
drop-inlet and culvert to convey the water to a nearby canal (fig. 3). 
Stormwater runoff in the basin moves by overland flow to a system of curbs 
and gutters. The curbs and gutters direct the flow to a series of drop 
inlets connected to reinforced concrete drainage pipes. The size of the 
pipe along the main stem of the drainage system increases from 36 inches at 
the upstream end of the basin to 60 inches at the pond inlet. The gradient 
of the drainage pipe is approximately 0.8 foot per 100 feet.

Excess runoff pumped from another basin to the west is occasionally 
pumped into the drainage canal east of the detention pond through a 42-inch, 
ductile-iron pipe (fig. 3). The pipe is connected to the drainage system of 
the study basin by a weir in a junction box. During periods of extreme 
high-pressure flow in the iron pipe, discharge from the pipe can be forced' 
over the connection weir, into the study drainage system, the detention 
pond, and wetlands. Stormwater diversion from the western basin into the 
study basin occurred during one monitored storm (table 1, storm 7).

The pond and wetlands are shown in the photograph in figure 4. Figure 
5 is a map of the Stormwater treatment system showing the pond, wetlands, 
general course of water movement, and data-collection sites. The sandy top 
soil and part of an underlying clay layer were excavated to form the pond. 
The pond is built into, and surrounded by the relatively impermeable clay 
layer. The excavated sand and clay were used to build a berm that extends 
along the east and northeast boundary of the wetlands (fig. 3). The sides 
of the pond are built on a 2:1 slope and are protected by sand-cement 
riprap. The pond area during dry weather is 8,600 ft 2 . Water depths in the 
pond range from about 8 ft during dry weather to as much as 11 ft during 
storms. Storage is about 54,000 ft 3 at 8 ft depths and about 81,500 ft 3 at 
11 ft depths. For the 41.6-acre drainage basin, these volumes are equal to 
about 0.35 inches of runoff at an 8 ft pond depth and about 0.55 inches of 
runoff at an 11 ft pond depth.
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Figure 4.--Pond and wetlands in right background and equipment 
shelter in right foreground.

Storm runoff discharges from the pond into the wetlands by 
overflowing an earthen spillway at the northeast corner of the pond. 
The wetlands is about 32,000 ft2 in area with dry-weather depths ranging 
from 0 to 3 ft and storm depths as much as 5 ft. Storage is about 
20,000 ft 3 at 3 ft wetlands depths and about 122,000 ft 3 , or 0.80 inches 
of runoff from the 41.6-acre drainage basin, at a 5 ft depth. The bed 
material of the wetlands is composed of sand and loamy silt. Large 
cypress trees grow in the slightly lower northern and eastern part of 
the wetlands. A heavy undergrowth of hyacinths, duckweed, cattails, and 
small trees occurs under the cypress stand. A thick, virtually 
impenetrable underbrush of wild grape, blackberry, and other running 
vines grows in the hardwood area in the slightly elevated western part 
of the wetlands. Flow leaves the wetlands through a compound weir built 
around a drop inlet and enters a culvert leading to the drainage canal.
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METHODS 

Data Collection

A continuous record of discharge for the monitored storms was required at 
the three points where loads were computed--the pond inlet, the pond outlet, 
and the wetlands outlet. Velocities at the pond inlet were measured using an 
electromagnetic current meter. The current-meter probe was mounted in the 
center of the 60-inch diameter inlet culvert by means of a metal bracket. The 
sensed velocity was averaged over a 12-second period and recorded at 2-minute 
intervals during storms. The inlet discharge was computed by multiplying the 
velocity, the culvert cross-section area, and a coefficient of discharge 
relating point velocity to the average cross section velocity. A coefficient 
of 1.0 was used based upon measurements made with an "AA" Standard Price 
current meter. A coefficient of 1.0 is also reported by Kilpatrick and others 
(1985) for these conditions.

Discharge over the earthen spillway at the pond outlet was affected by 
backwater and submergence effects from the wetlands; therefore, it was 
necessary to use a numerical solution of the standard storage routing equation 
based on the continuity principle as given by Linsley and others (1975, p. 
294) to compute the pond-outlet flow. The storage routing equation is:

where

I = inflow rate 
0 = outflow rate 
S = storage volume
t = small time period, the routing period 

1, 2 = beginning and end of time period.

Rearranging to solve for the outflow at the end of a time period gives

fq <; 1 9 b 2 ^10=1+1-0- ̂   ~   *- (2)
221 C

The inflow is measured directly as previously described. The change in 
storage is determined using the continuous record of pond stage and a 
stage-storage relation. A computer program was written to use equation (2), 
the record of pond inflow, and pond storage to compute pond discharge at 
5-minute intervals for each monitored storm. The initial outflow for each 
storm was assumed to be zero.

The outlet of the wetlands consisted of a concrete drop inlet which was 
connected to the receiving canal by a concrete culvert. Discharge at the 
wetlands outlet was determined using the record of stage at the wetlands 
outlet and a stage-discharge relation. A compound, sharp-edged weir was 
constructed at the wetlands outlet to provide a stable stage-discharge 
relation. The discharge relation was determined using a theoretical weir 
rating calibrated with volumetric and current-meter discharge measurements.

11



The accumulated discharge was computed and plotted for each storm to 
check that there was never more accumulated discharge at a downstream point 
than at an upstream point as recommended by Linsley and-others (1975, p. 294). 
Thus, each of the three methods of calculating discharge--electromagnetic 
current meter, continuity principle, and weir rating discharge--was used as a 
check of the other methods.

The automatic sampling equipment at the detention pond inlet and outlet 
was designed so that the monitored pond inlet velocity and the pond outlet 
stage could control the sampling frequency at those points. When the inlet 
velocity or pond stage exceeded preprogrammed values, sampling was initiated. 
Successive samples were taken at designated time intervals based upon the 
value of the controlling parameters, or when the controlling parameters 
changed more than a designated amount in a given time period. The resulting 
15 to 24 samples from each collection point were drawn more frequently during 
time of high, rapidly changing discharge and less frequently during times of 
low gradually changing discharge. Samples were stored in chest freezers 
modified to maintain a sample temperature of 4°C.

Sampling at the wetlands outlet was performed at a constant interval of 
30 minutes when a predesignated stage was exceeded. This method of sampling 
was adequate for the wetlands because discharges were smooth and gradually 
changing due to the storage capacity of the detention pond and wetlands.

Bulk-precipitation samples were collected through a plastic funnel 
mounted atop the equipment shelter (fig. 4). The spout of the funnel was 
connected to a plastic pipe that delivered the dryfall and wetfall to a bucket 
inside one of the modified freezers. The bulk-precipitation samples were 
analyzed monthly during periods of high rainfall, and bimonthly during low 
rainfall periods.

Rainfall depth and intensity data were collected using two tipping bucket 
rain gages mounted atop the equipment shelter next to the bulk-precipitation 
sample funnel (fig. 4). The accuracy of the tipping bucket rain gage was 
checked using a volumetric rain gage mounted approximately 30 ft west of the 
equipment shelter (30 ft to the left of the shelter in fig. 4).

Bed-sediment samples were taken at 14 sites in the pond and wetlands 
(fig. 5). Samples were collected in the pond using a dredge, and in the 
wetlands using a corer. Sediments were analyzed for pesticides and industrial 
organic compounds at three of the bed-sediment sites.

Samples were taken from the center of the pond at a depth of 2 ft, 1, 2, 
and 3 days after selected storms to provide background concentrations of 
constituents in the pond between storms. Eight surficial-aquifer observation 
wells (fig. 5) were installed to determine if urban runoff constituents had 
infiltrated the surficial aquifer in the detention pond and wetlands area. 
Well number 6 was vandalized and no samples were taken from it.

Constituent concentrations were determined by the U.S. Geological Survey 
Central Laboratory System according to standard methods described by

12



Skougstad and others (1979) and Wershaw and others (1983). Using these 
methods, the dissolved constituent concentration is defined as the 
concentration of a sample that has been filtered through a plastic membrane 
filter with pores 0.45 micron in diameter. The 0.45-micron diameter is 
about 100 times larger than the usually defined lower limit of five 
millimicrons for colloidal particles. The filtered samples may contain some 
constituent that is not dissolved in the sense of being completely 
surrounded by solvent molecules and having no direct contact with other 
particles (Hem, 1970, p. 86-88). The total constituent concentration is the 
concentration of an unfiltered sample, and the suspended concentration is 
defined as the calculated difference between the total and dissolved 
concentrations.

Computation of Constituent Loads

Two methods of computation can be used to determine constituent loads. 
They are: (1) discrete analysis, in which several discrete samples from among 
the samples collected are selected and individually analyzed; and (2) 
composite analysis, in which one flow-weighted mixture of the samples 
collected is analyzed. Because each method has certain advantages and 
disadvantages, both methods were used in this study.

The discrete method of analysis was used for 7 of the 13 storms. The 
selection of particular samples from among up to 24 samples collected at any 
collection point during a storm was done to provide an adequate description of 
the changes in constituent concentration with changes in the discharge. 
Usually one sample was chosen at the beginning of a storm, one or two on the 
rising limb; one at, or near, the peak; and one or two on the falling limb of 
the storm hydrograph.

To compute constituent loads using the discrete method of analysis, it 
was assumed that constituent concentrations for periods between samples vary 
linearly between the measured concentrations, and that concentrations prior to 
the first sample and after the last sample were equal to adjacent values as 
recommended by Doyle and Lorens (1982, p. 234) for computation of loads in 
urban hydrology studies.

The constituent concentration and discharge values at time steps of 2 
minutes for the pond inlet, 5 minutes for the pond outlet, and 15 minutes for 
the wetlands outlet were multiplied to yield the constituent mass flux or the 
constituent mass flow rate. The mass flux was numerically integrated with 
time to compute the total mass or total load of constituent passing each site 
during the storm.

The composite method of analysis was used for six storms. Composite 
sampling is the formation of one sample that is the equivalent of an imaginary 
sample drawn from a well-mixed tank containing the total volume of water that 
has passed the sampling point during the storm. The total constituent load is 
calculated as the product of the "composite" constituent concentration and the 
total volume of runoff. The composite sample is formed by taking varying 
amounts of water from each sample taken. The amount taken from each bottle is 
directly proportional to the amount of runoff the sample represents.
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The primary advantage of using the discrete method of analysis is the 
increased reliability of the loads computation from using 4 to 5 independent 
sample analyses. The primary advantage of the composite method is the 
somewhat improved accuracy gained by using some part of each of 24 samples 
used to form the one sample that is analyzed for constituent concentrations. 
The advantages of either method had to be weighed against the cost. Discrete 
analysis costs five to six times the cost of the composite method of analysis 
The method of sampling for each storm is shown in table 1.

Table l.--Date. method of sampling, rainfall, runoff, and duration of the
monitored storms

Runoff
Storm 
No. Date

Method of 
sampling

Rainfall 
(inches)

(thou 
sand 

feet 3 )
(inches)

Intensity 
Duration (inches)
(hours) per 

_________hour)

1
2
3
4
5

6
7
8
9

10

08-20-82 
10-05-82 
12-08-82
01-20-83
02-02-83

Discrete 
Composite

do. 
Discrete

do.

05-30-83 Composite
06-07-83 Discrete
06-21-83 Composite
07-15-83 do.
07-29-83 do.

1.33
.78
.35
.97

2.49

94
78
40
26
40

48.5
32.9
15.7
45.8
95.5

93.8
116.3
70.9
16.3
16.9

0.32 
.22 
.10 
.30 
.63

.62 

.77 

.47 

.11 

.11

2.33
4.10
.40

7.83
4.30

7.50
21.67
5.25
2.40

10.92

0.571
.190
.875
.124
.579

.259

.082

.267

.108

.037

11
12
13

11-20-83
02-13-84
06-13-84

Discrete
do.
do.

.88

.46
1.72

43.3
28.4
80.9

.29

.19

.54

3.25
6.50
1.77

.271

.071

.972

Data Management

A SAS 1 (Statistical Analysis System) (Helwig and Council, 1979) and 
Fortran computer language data management system, diagrammed in figure 6, was 
written and used to process the large amount of data generated during this 
study. The data collected are of two general types--hydraulic data collected 
on paper tape, and water-quality constituent concentrations resulting from 
analyses by the U.S. Geological Survey Central Laboratory. The hydraulic data 
are processed, checked for errors, and readied for loads computation using 
SAS-based computer programs written for that purpose. The water-quality 
concentrations were retrieved from the national WATSTORE (National Water Data 
Storage and Retrieval System) computer files. The two sets of data, hydraulic 
and water quality, were merged in a Fortran-based program for computing loads. 
The loads program calculated constituent loads and output a summary of the 
constituent loads for each collection point in the system. Also available 
were plots of variables such as discharge, rainfall, concentration, accumu 
lated discharge, accumulated loads, and mass flux versus time for each storm.

1Use of the trade name SAS in this report is for identification purposes 
only and does not constitute endorsement by the U.S. Geological Survey.
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HYDROLOGIC ANALYSIS OF URBAN STORMWATER RUNOFF

The hydraulic characteristics measured for each storm are listed in 
table 1 and shown in figure 7. Rainfall for the monitored storms ranged 
from 0.26 to 2.49 inches. Duration (the time interval from beginning to end 
of flow at the pond inlet) ranged from 0.40 to 21.67 hours (table 1).

Hydrographs of 1 of the 13 monitored storms (storm 1), showing the 
typical instantaneous discharges at the three data-collection points, are 
shown in figure 8. The inlet discharge is characteristically unsteady, 
rapidly changing with sharp high peaks and short rising and falling limbs. 
The pond outlet hydrograph is similar to the pond inlet discharge, but the 
storage effect of the pond reduces peak discharges and allows a more gradual 
recession of the pond outlet discharge after the peak discharge. The rela 
tively large storage effects of the wetlands is indicated by the much- 
reduced wetlands peak discharge and the smoothly changing rising and falling 
limbs of the wetlands discharge hydrograph.

The total runoff passing each measuring point was computed by 
numerically determining the area under the hydrograph for each location. 
The volume of runoff was then divided by the area of the drainage basin to 
yield a runoff in the dimension of length (inches). Runoff at the pond 
inlet ranged from 0.10 to 0.77 inches over the drainage basin. The runoff 
for the three measuring locations for each of the monitored storms is shown 
in table 1 and figure 7. The accumulated volume of runoff versus time for 
storm 2 is shown in figure 9. The volume of water in live storage in the 
pond or wetlands is equal to the vertical distance between the appropriate 
accumulated runoff curves at any given time. The wetlands is actually 
capable of retaining part of the runoff. For storm 2 (fig. 9), about 10,000 
ft3 or 14 percent of the initial storm runoff is retained by the wetlands. 
Retention in the pond is about 1,000 ft3 or only 1.4 percent of the initial 
storm runoff. The runoff retained in the wetlands probably seeps slowly 
into the surficial aquifer, evaporates, or is retained in the wetlands. 
Thus, the available storage capacity of the wetlands for any storm is 
dependent upon antecedent conditions.

Stormwater runoff from a detention pond in another drainage basin was 
pumped into the study site during storm 7. The diversion flow was steady at 
about 2 ft s/s for approximately 10 hours. The total duration of storm 7 
(natural runoff time plus pumping time) was about 22 hours (fig. 7), which 
was more than twice any other storm duration. Because of this diversion, 
total runoff for storm 7 was greater than the storm with the largest amount 
of rainfall (storm 5).

Rainfall against runoff at the pond inlet, pond outlet, and wetlands 
outlet are plotted in figure 10. A simple linear regression of the pond 
inlet discharge and rainfall, excluding storm 7, yields

RUNOFF =0.27 (RAINFALL) +0.03 (3) 

where

RUNOFF and RAINFALL are in inches.
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The 0.27 slope of the rainfall runoff regression is about the same as 
the percentage of the drainage basin that is urban roadway. Two important 
factors shown to influence the amount of rainfall that flows off an 
urbanized basin in Florida are the amount of impervious area, and its 
hydraulic connection to a sewer system. An impervious area that is 
hydraulically connected to a sewer system has been termed the hydraulically 
effective impervious area (Miller, 1978). The urban roadway is impervious 
and connected by curbs and gutters to the culvert drainage system. The area 
of urban paved roadway is about the same as the hydraulically effective 
impervious area of the basin, and, as shown by the rainfall -runoff 
regression, approximates that part of the rainfall that runs off the basin.

EFFICIENCY ESTIMATES OF CONSTITUENT LOAD CHANGES IN STORMWATER RUNOFF

Individual Storm Efficiency

Using the constituent loads computed as described, the individual storm 
efficiency of a unit such as the detention pond or wetlands is defined as 
the change in load divided by the initial load, given as a percentage. In 
equation form:

_,..,, . r-r.. . (Load in - Load out") -. nf. //NIndividual storm efficiency - x         j  :   -       '   100 (4)
J (Load in)

= l -
Load in

The loads entering and leaving, and the individual storm efficiencies of the 
detention pond, the wetlands, and the system (pond and wetlands) for each 
constituent for each storm were computed and are tabulated in the supple 
mentary data. The pond inlet and pond outlet constituent loads were used to 
calculate the pond individual storm efficiencies. The pond outlet and the 
wetlands outlet wer.e used to calculate the wetlands individual storm effi 
ciencies. The pond inlet and wetlands outlet were used to calculate the 
system individual storm efficiencies. Increased constituent loads (loads 
out of the pond or wetlands greater than loads entering) were found and 
resulted in calculated negative efficiencies. By definition, negative 
individual storm efficiencies imply that loads leaving a unit are greater 
than loads entering.

The range of individual storm efficiencies for the study temporary 
storage units is quite large. Thus, the average efficiency is not indic 
ative of the long-term performance of the system units due to the equal 
weight given each storm-efficiency value in computing the average. This 
equal weighting is a problem, particularly for storms having a small load, 
because small increases in net loads may result in a large negative 
efficiency.

For instance, the average efficiency of the pond in reducing dissolved 
lead was found to be -21 percent, for suspended lead -4 percent, and for

21



total lead -3 percent (supplementary table XIV). However, most storms 
experienced positive efficiencies (decreased loads); average negative values 
were obtained because of the large negative values for storms 4 and 12. The 
two storms had small increases in loads that resulted in large percentage 
negative storm efficiencies.

Regression Efficiency

A different method of analysis than found in the literature was used in 
this study to determine representative efficiencies. Rather than using an 
average or median value to describe the overall efficiency, regression 
analysis is used to obtain an overall efficiency called a regression effi 
ciency. The approach used to estimate the regression efficiency is demon 
strated using data for the three phases of lead. Figure 11 shows the plots 
of the outlet loads versus inlet loads for the three phases of lead. Storms 
plotting above the line of 1:1 slope, passing through the origin, had 
increased loads leaving the system unit (load-out greater than load-in). 
Data plotting on the line of 1:1 slope had no change in loads (load-out = 
load-in), and storms plotting below the line had reductions (load-out less 
than load-in). The farther a storm plots from the 1:1 slope line, the 
greater the change in loads.

A simple linear, least-squares, regression was made using dissolved 
lead for the inlet and outlet loads and constraining the intercept to be 
zero. The zero intercept constraint is an engineering approximation that 
allows calculation of an overall efficiency and meets the general physical 
condition of zero loads-in (zero rainfall) yields zero loads-out. The 
following relation was found:

LEAD_OUT =0.71 (LEAD_IN) (5) 

where

LEAD_OUT = dissolved lead loads at the pond outlet and 
LEAD_IN = dissolved lead loads at the pond inlet.

Therefore, for dissolved lead, approximately 71 percent of the mass of 
the inlet loads is transmitted through the pond to become outlet loads, 
while 29 percent (unity minus the slope of the regression) is retained by 
the pond. Similarly, the pond retained 41 percent of suspended lead, and 39 
percent of the total lead loads entering the pond (fig. 11). These effi 
ciencies, called regression efficiencies because they were computed using 
the regression analysis, are considered to be more representative of the 
long-term efficiency of the pond for lead loads than the numerical average 
of the individual storm efficiencies. The standard error of estimate as a 
percentage of the mean dependent variable (Draper and Smith, 1966, p. 119) 
for these regressions was 32, 47, and 40 percent, respectively, for dis 
solved, suspended, and total lead (fig. 11 and supplementary data, table 
XIV) . The standard error of estimate is a measure of the variance of the 
data about the regression, the smaller it is the more consistent is the 
regression relation. The relatively low values found for the standard error 
of estimate indicate consistent relations described by the regressions.
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Figure 11.--Lead loads-in against lead loads-out of the detention pond.

23



The regression method determines the line about which the sum of the 
squares of the deviations of loads-out are at a minimum subject to the 
constraint of an origin intercept. For storms having small loads, the 
deviations are small though the individual storm efficiency may be rela 
tively high. This method gives equal weights to the deviations from the 
regression line, not equal weight to individual storm efficiencies. There 
fore, more influence is given to large storms in the regression method than 
in the averaging method. These large storms are probably more environ 
mentally significant to the receiving waters because they transport larger 
masses of constituents. The efficiency computed using linear, least-squares 
regression is termed as the regression efficiency in this report.

The regression efficiency computed for each constituent is shown in 
tables 2, 3, 4, and 5. The slope of the regression line on which the 
regression efficiency is based and the standard error of estimate of the 
regression is shown in the tables of supplementary data. A regression 
analyses for the pond, the wetlands, and the entire system, were made for 
each constituent. Storm 7, which was not a natural rainfall-runoff event, 
was not used in determining the efficiencies because of its unusually long 
duration. The reduction of constituent loads for storm 7 was unusually 
high, as indicated in the supplementary data tables, and including this data 
in the regressions would produce higher efficiencies than those reported 
here. Eleven data points were used for regression analysis of the pond's 
efficiency and eight for the wetlands and the entire system. Because of the 
differences in the number of data points used for the pond and wetlands 
regressions, it is not possible to compute a system regression efficiency 
directly from the regression efficiency reported for the pond and wetlands 
in tables 2, 3, 4, and 5.

The standard error of estimate was used as a measure of the consistency 
of the regression because it is not affected by the spurious correlation 
that occurs when regressing loads data. Regression of loads data produces 
spurious correlations because the same discharge is incorporated into the 
independent and dependent regression variables (Benson, 1965). The standard 
error of estimate ranged from 10 to 60 percent, but some constituents 
(nutrients for example), were as high as 130 percent. Usually, coefficients 
less than about 50 percent indicate a consistent hydrologic relation.

CONSTITUENT-LOAD CHANGES AND REGRESSION EFFICIENCIES

The following section briefly summarizes the measured constituent-load 
changes and regression efficiencies for the four categories of water-quality 
constituents. A complete list of data and statistical summaries is given in 
the supplementary data tables.

Major Ions

The major ions sampled included bicarbonate, sulfate, chloride, 
calcium, magnesium, sodium, and potassium. The highest ion loads found in 
the stormwater are bicarbonate and calcium. Figures 12 and 13 show the 
loads of cations and anions at the measuring sites in the system for each 
storm. Wetlands-outlet data are not available for storms 1, 2, 3, and 6,
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and pond-outlet data are also not available for storm 6. For each storm, 
the change in loads in the pond is indicated by the difference between the 
pond inlet load bar and the adjacent pond outlet load bar. Changes in loads 
in the wetlands are indicated by the difference in the pond outlet bar and 
the adjacent wetlands outlet bar. The change in loads in the system for 
each storm is shown by the difference in the pond inlet load bar and the 
wetlands outlet load bar.

The regression efficiencies found for the major ion loads in the pond 
ranged between -5 and 9 percent (table 2). Considering the accuracy of the 
data, and the data collection methods used, the overall efficiency of the 
pond in reducing ions loads is probably close to zero.

Table 2.--Pond, wetlands, and system regression efficiencies
for selected manor ions

Efficiency, in percent
Constituent

Chloride
Sulfate
Bicarbonate
Calcium
Magnesium 
Sodium
Potassium

Pond

0
-3
-3
-4
-5 
6
9

Wetlands

4
7

20
17
20 
9
1

System

4
2

16
13
10 
13
9

The regression efficiency for ion loads in the wetlands is about 20 
percent for bicarbonate, calcium, and magnesium. The wetlands regression 
efficiency in reducing the other ion constituent loads is 9 percent or less. 
The system regression efficiency for bicarbonate, calcium, magnesium, 
sodium, and potassium ranged from 9 to 16 percent. Chloride and sulfate 
were little reduced with weighted efficiencies of 4 and 2 percent, 
respectively.

Selected Chemical and Physical Properties

The loads of dissolved, suspended, and total solids for each part of 
the system are shown in bar graph form in figure 14. The total solids loads 
are considered large, ranging from about 1,400 pounds at the pond inlet to 
about 70 pounds at the wetlands outlet (fig. 14). Most of the total solids 
are carried in the dissolved form. At the pond inlet the dissolved solids 
load exceeds the suspended solids loads for all storms except storm 5.

As with ions, the detention pond had little effect on dissolved solids, 
with a dissolved solids loads regression efficiency of 7 percent (table 3). 
Suspended solids, however, were reduced significantly with a regression 
efficiency of 65 percent. Total solids loads (dissolved + suspended phases) 
were reduced at a regression efficiency of 22 percent.
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Table 3.--Pond, wetlands, and system regression efficiencies for 
selected chemical and physical characteristics

Efficiency, in percent
Constituent_________Pond_______Wetlands_____System

Solids, residue at 105°C:
Dissolved
Suspended
Total

Chemical oxygen demand

Suspended volatile solids

Suspended nonvolatile solids

7
65
22

7

60

34

38
66
41

18

60

-17

40
89
55

17

85

46

In the wetlands, the regression efficiency for dissolved solids loads 
was 38 percent. Suspended solids were reduced at about the same efficiency 
as for the pond, (66 percent). Total solids loads were reduced at a 
regression efficiency of 41 percent.

The pond and wetlands working together had regression efficiences of 40 
percent for dissolved solids, 89 percent for suspended solids, and 55 per 
cent for total solids.

Suspended volatile solids had a regression efficiency of 60 percent in 
the pond and the wetlands, and 85 percent for the system. Suspended non 
volatile solids loads were reduced by about a third in the pond, but were 
found to increase by 17 percent in the wetlands. The system had a 
regression efficiency of 46 percent for reducing suspended nonvolatile 
solids loads.

Chemical oxygen demand loads, ranging from 35 to 340 pounds, changed 
little in the pond (regression efficiency rate of 7 percent). In contrast, 
the wetlands reduced chemical oxygen demand loads at a regression efficiency 
of 18 percent. The system reduced chemical oxygen demand loads at a 
regression efficiency of 17 percent.

Metals

Lead and zinc were the only metals found at concentrations sufficiently 
above detection limits to calculate loads. Cadmium, chromium, copper, and 
strontium were not found above detection limits. Figures 15 and 16 are bar 
graphs showing the amounts of lead and zinc measured at the three measuring 
points. Lead was found in relatively large quantities, ranging between 
about 1.70 pounds of total lead at the pond inlet to almost zero total lead 
at the wetlands outlet (fig. 15). Lead was found to be transported pri 
marily in the suspended form. Suspended lead loads at the pond inlet 
exceeded dissolved lead pond inlet loads for all monitored storms except one 
(storm 9).
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As with other constituents, the pond was moderately effective in 
reducing suspended lead loads (regression efficiency 41 percent, table 4). 
Dissolved lead loads were reduced at a regression efficiency of 29 percent. 
The wetlands was more effective in removing both dissolved and suspended 
phases lead loads than the pond. Lead loads were reduced in the wetlands at 
a regression efficiency of 54 percent for dissolved lead, 75 percent for 
suspended lead, and 73 percent for total lead. For the system dissolved 
loads were reduced at a weighted rate of 70 percent, suspended lead at a 
rate of 85 percent, and total lead at a rate of 83 percent.

Table 4.--Pond, wetlands, and system regression efficiencies
for lead and zinc

Efficiency, in percent
Constituent_________Pond_______Wetlands______System

Recoverable lead:
Dissolved 29 54 70 
Suspended 41 75 85 
Total 39 73 83

Recoverable zinc:
Dissolved -17 75 65 
Suspended 37 50 76 
Total 15 56 70

Suspended zinc loads were reduced in the pond at about the same rate as 
suspended lead loads. Dissolved zinc loads increased in the pond in 6 of 
the 12 storms (fig. 16); the regression efficiency rate is -17 percent. The 
wetlands reduced both dissolved and suspended zinc loads at a regression 
efficiency of 75 and 50 percent, respectively. Though the pond was 
apparently a source of zinc for some of the storms, the system reduced 
dissolved zinc loads at a regression efficiency of 65 percent, suspended 
loads at 76 percent efficiency, and total loads at a 70 percent efficiency.

Nutrients

The nutrient group of constituents includes the nitrogen and phosphorus 
species, and total organic carbon. The nitrogen species are organic nitro 
gen, ammonia, nitrate, and nitrite. The sum of these four species is 
defined as the constituent, total nitrogen. Nitrite was never found above 
detection limits, so for this study nitrogen is equal to the sum of organic 
nitrogen, ammonia, and nitrate.

Figure 17 shows the nitrogen loads at the three measuring points. 
Total nitrogen loads ranged from about 12 pounds at the pond inlet to about 
0.5 pounds at the wetlands outlet (fig. 17). Nitrogen loads were equally 
proportioned in the dissolved and suspended phase. Total nitrogen was 
reduced at a weighted rate of 19 percent in the detention pond (table 5). 
Regression efficiences for dissolved and suspended forms of nitrogen are
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about the same as found for the total phase. The wetlands have a regression 
efficiency for dissolved nitrogen loads of 13 percent, for suspended nitro 
gen loads 30 percent, and for total nitrogen loads 21 percent. The system 
has a regression efficiency of 36 percent in reducing total nitrogen loads 
(table 5).

Table 5.--Pond, wetlands, and system regression efficiencies for
selected nutrients

Efficiency, in percent
Constituent Pond Wetlands System

Nitrogen:
Dissolved 24 13 30 
Suspended 17 30 43 
Total 19 21 36

Organic nitrogen:
Dissolved 19 22 39 
Suspended 18 28 41 
Total 17 23 39

Ammonia:
Dissolved 72 60 80 
Suspended 65 48 84 
Total 60 54 61

Nitrate:
Dissolved 24 -20 -7
Suspended -78 90 78
,Total -17 40 9

Total organic carbon 3 18 22 

Dissolved orthophosphate 76 -30 21

Phosphorus:
Dissolved 70 0 57 
Suspended 21 19 41 
Total 33 17 43

Orthophosphorus:
Dissolved 76 -30 21 
Suspended 38 22 46 
Total 57 2 28

Organic nitrogen makes up the largest proportion of total nitrogen. 
Organic nitrogen loads ranged from 9.19 pounds at the pond inlet to 0.33 
pounds at the wetlands outlet (see supplementary data, table XIX). The 
regression efficiencies for organic nitrogen were about the same as that for 
total nitrogen.
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Total ammonia and total nitrate loads ranged from 0.00 pounds to 1.46 
pounds (supplementary data, tables XXI and XXIII). In several storms, no 
ammonia or nitrate were measured coming into either the pond or wetlands and a 
small quantity was measured leaving the system unit, resulting in an individual 
calculated storm efficiency using equation 5 of negative infinity.

Total ammonia was generally reduced in both the pond and the wetlands. 
The pond reduced total ammonia at a regression efficiency of 60 percent, the 
wetlands at a regression efficiency of 54 percent, and the system at a 
regression efficiency of 61 percent.

Total nitrate increased at a regression efficiency of 17 percent in the 
pond. The wetlands reduced nitrate at a regression efficiency of 40 percent. 
The system reduced nitrate at a regression efficiency of 9 percent.

The measured loads of phosphorus are shown in bar-chart form in figure 18. 
Total phosphorus and orthophosphorus were found to be reduced at a regression 
efficiency of 33 and 57 percent in the pond (table 5). The wetlands was found 
to have an efficiency of 0 and -30 for dissolved phosphorus and dissolved 
orthophosphorus, respectively. The system as a whole was found to have a 
regression efficiency of 43 and 28 percent for total phosphorus and 
orthophosphorus, respectively.

Total organic carbon variation in loads was found to be quite large. 
Total organic carbon loads ranged between 105 pounds at the pond inlet to 7 
pounds at the wetlands outlet (supplementary data, table XXXI). Total organic 
carbon is little changed in the pond, but reduced in the wetlands and the whole 
system at a regression efficiency of about 20 percent (table 5).

The wetlands acts as a source of dissolved orthophosphate. The wetlands 
has a regression of -30 percent, whereas the pond and system achieved a 
reduction of 76 and 21 percent, respectively, for loads of dissolved 
orthophosphate.

FACTORS AFFECTING CONSTITUENT-LOAD CHANGES

Constituent loads in urban runoff are usually attributed to two processes: 
(1) physical deposition of materials on the surface of the basin, such as 
litter, trash, fertilizers from lawns, and oil and grease droppings from 
automobiles; and (2) atmospheric deposition on the basin of dust and dirt 
between storms and deposition of constituents contained in rainfall during 
storms. The surface deposition is a function of man's activity on the basin 
and is difficult to measure and is probably highly variable.

Atmospheric depositon can be measured. Table 6 shows the concentrations 
of bulk-precipitation samples collected at the study site. The conductance of 
the bulk precipitation was small, usually less than 50 microsiemens per 
centimeter (jiS/cm) at 25°C. The concentration of solids was as much as 187 
milligrams per liter (mg/L). Concentrations of total lead and zinc varied, but 
were as high as 88 micrograms per liter (/ig/L) for lead and 400 /ig/L for zinc. 
Lead and zinc deposition probably result from automobile emissions. Total 
nitrogen concentrations were never greater than about 5 mg/L.
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The deposition rate in pounds per day, for selected constituents over the 
41.6-acre basin, was computed using monthly rainfall data and shown in table 6. 
Total solids were deposited over the basin at a rate that ranged between 11 and 
146 pounds per day. The deposition rates of total zinc was higher than that found 
for total lead. Zinc was deposited at a maximum rate of about 0.4 pounds per day, 
but the maximum rate of lead was about 0.07 pounds per day. Total nitrogen 
deposition ranged from 0.2 to 5.6 pounds per day. These deposition rates over the 
basin are sufficient to account for the pond inlet constituent loads.

Table 6.--Concentrations and daily basin deposition rates of selected
constituents in bulk precipitation

[juS/cm, microsiemens per centimeter; mg/L, milligrams per liter; 
Ibs/d, pounds per day; Mg/L, micrograms per liter]

Time
period

12/82-01/83
02/83-03/83
04/83-05/83
06/83
07/83
08/83
09/83
10/83
11/83-12/83
01/84-02/84
03/84

Specific 
con

ductance
(juS/cm

at 25°C)

13
34
43
17
15
12
14
20
24
48
42

Total solids
(residue Total lead

at 105°C) (uz/L)
(mg/L)

34
--

187
--
50
7

16
10
30

146
58

(Ibs/d)

17

146
--

142
11
26
12
32

109
34

15
33
88
--
17
13
8

13
26
22
9

> (Ibs/d)

0.007
.071
.069
--
.035
.020
.013
.015
.027
.016
.005

Total zinc
(Mg/L)

10
50
90

60
150
80
40

400
90

100

i (Ibs/d)

0.005
.105
.071

.122

.227

.130

.048

.419

.067

.053

Total nitrogen
(mg/L)

0.4
--
1.4
.6

2.2
1.0
.8

1.4
5.3
2.7
3.8

(Ibs/d)

0.2
--
1.1
1.5
4.5
1.5
1.3
1.7
5.6
2.0
2.2

Once the constituent load reaches the detention system, the pond and wetlands 
in series functions somewhat like a wastewater treatment plant. Wastewater, for 
example, in a treatment plant is initially treated in a pretreatment or primary 
treatment device such as a settling basin to allow the removal of heavy and coarse 
suspended constituents. In this study, the detention pond functions in a similar 
manner by reducing suspended constituent loads. After the pretreatment or primary 
treatment in a wastewater plant, the effluent is treated in a secondary treatment 
device such as a trickling filter or activated sludge tank. The main purpose of 
secondary treatment is to use biological or chemical processes to change colloidal 
and dissolved matter into suspended solid matter. The wetlands, in this study, 
reduced dissolved constituent loads in a similar manner. The following is a 
discussion of pertinent process for each unit of the system.

Pond

Results of this study indicate the detention pond acts as a settling basin by 
generally reducing the suspended constituent loads. For example, the pond had a 
regression efficiency of 65 percent for suspended solids, 41 percent for suspended 
lead, 37 percent for suspended zinc, 17 percent for suspended nitrogen, and 21 
percent for suspended phosphorus.
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Residence time and turbulence are probably important factors that 
affect the settling of suspended particles. The residence time of runoff in 
the pond is defined as the time period for a particle to flow from the pond 
inlet to the pond outlet. Residence time will vary with flow rate, the 
mixing with water in dead storage, and the amount of available live storage 
in the pond. In a wastewater treatment unit, such as a settling tank, in a 
steady-state condition, assuming complete mixing, residence time is defined 
as:

_ . , . . Volume in storage (L3 ) f ,.Residence time        ~ r   to /T \ ' (6)
Discharge (L3 /T) v '

where

L is the dimension of length and T the dimension of time.

The two conditions of steady state and complete mixing necessary for 
application of equation 6 to a treatment unit generally do not exist for the 
study detention pond. In the dynamic situation of runoff passing through 
the detention pond, the flow and storage change with time (fig. 8 and 9) and 
is, therefore, unsteady. The second condition necessary, complete mixing, 
is seldom achieved. When the dead and live storage capacity of the pond is 
exceeded, flow moves directly from the pond inlet to the pond outlet. This 
condition, known as short circuiting, was observed during several storms, 
and probably occurred for all storms in which the total runoff exceeded the 
total storage capacity of the pond of about 81,500 ft 3 (storms 5, 6, 7, and 
13, table 1 and fig. 7).

The runoff that short circuits across the pond will have a residence 
time of a few minutes, and the runoff not short circuited may have a 
residence time of several hours. Although residence time may not be 
amenable to a numeric definition, the concept is still useful in that as the 
storage available in a treatment unit is increased and the discharge is 
decreased, the residence time of at least part of the runoff will increase 
and the removal rate of constituent loads will probably increase.

Turbulence in the pond probably varies from storm to storm depending 
directly on the pond inlet discharge, and indirectly on rainfall intensity. 
The more intense storms, such as storm 13 (table 1), with large rainfall and 
small durations, will have large inlet peak discharges and more turbulence 
than less intense storms. Unlike a waste treatment system plant, the 
settled material accumulating on the bottom of the pond is not generally 
removed as a maintenance operation. Intense high turbulence storms may 
scour the bottom and cause increased pond outlet loads, such as occurred for 
lead during storm 13 (fig. 15).

The effectiveness of the pond as a settling basin can also be seen in 
the accumulation of constituents in the bed sediments. The concentrations 
of constituents in bed sediments sampled in September 1982 and 1984 are 
shown in table 7. Appreciably higher metals concentrations were in the pond 
bed sediments than in the wetlands bed sediments, probably indicating 
settling in the pond.
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Table 7. Concentrations of selected constituents in bed sediments

[One sample at each site, collected during September of year noted. Mg/g, microgram per gram; 

per kilogram; Pb, lead; Zn, zinc; Cd, cadmium; Cr, chromium; Cu, copper; N, nitrogen; P,

Site 

Year No.

1982

1984

1982

1984

1982

1984

1982

1984

1982

1984

1982

1984

1982

1984

1982

1984

1982

1984

1982

1984

1982

1984

1982

1984

1982

1984

1982

1984

Median

Pond

1

1

2

2

3

3

4

4

5

5

6

6

7

7

8

8

9

9

10

10

11

11

12

12

13

13

14

14

Recoverable 

lead from 

bottom 

material 

(UR/R as Pb)

620
<10

220

<10

1,200
<10

410

870

340

1,600

600

2,000

750

1,600

10

10

620

20

80

<10

10

30

20

<10

20

40

10

20

samples 505

Wetland samples 20

Recoverable 

zinc from 

bottom 

material 

(.UR/R as Zn)

270
<1

70

5

590

50

190

200

150

450

240

1,000

360

1,100

4

130

250

110

40

2

7

20

10

4

90

10

5

7

195

8

Recoverable Recoverable 

cadmium from chromium from 

bottom bottom 

material material 

(UR/R as Cd) (U.R/R as Cr)

Pond

6 20

<1 3

3 10

<1 2

9 30

<1 6

5 10

2 10

5 10

3 40

7 10

6 40

6 10

6 40

<1 2

<1 10

7 20

<1 20

Wetlands

<1 9

<1 <1

<1 2

<1 2

<1 8

<1 1

1 1

<1 2

<1 1

<1 1

4 10

<1 2

Recoverable 

copper from 

bottom 

material 

(UR/R as Cu)

41
<l

26

2

73

10

26

23

27

130

49

98

45

97

1

21

52

26

3

<l

3

2

2

1

2

3

1

1

27

2

Total 

nitrogen in 

bottom 

material 

(m«/k« as N)

6,900

1,700

6,900

1,800

8,600

11,000

4,000

4,400

2,900

14,000

14,000

33,000

4,100

24,000

5,800

19,000

6,400

23,000

75,000

320

2,200

4,400

6,100

520

22,000

22,000

5,400

5,"lOO

7,800

5.200

rag/kg, milligram 

phosphorus]

Total 

phosphorus in 

bottom 

material 

(mg/kg as P)

1,600

850

1,000

750

1,400

1,100

1,800

590

1,100

620

720

1,300

1,300

760

290

900

1,700

760

700

30

1,000

260

270

85

430

160

300

810

950

280
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Figure 19 is a diagram of the median concentration of lead in bed 
sediments from the two sampling periods. The higher concentrations of lead 
in the pond were generally found along or near the thalweg. The highest 
median concentration of lead was found in the pond along the thalweg imme 
diately before the flow path passes over the overflow spillway at the pond 
outlet (fig. 19).

Concentrations of selected pesticides and industrial organic compounds 
in bed sediments from two sampling points in the pond and one sampling point 
in the wetlands are shown in table 8. The concentrations of pesticides were 
usually higher in the pond than in the wetlands. The highest concentration 
was found for chlordane, (69 micrograms per kilogram) in the pond at site 7. 
Site 7, near the pond outlet, usually had the highest pesticide concentra 
tions found at the three pesticide sampling locations.

Table 8.--Concentrations of selected pesticides and industrial 
organic compounds in bed sediments from samples collected in 
September 1982

[The constituents 2,4-DP, PCN, 2,4-D, 2,4,5-T, silvex, and 
perthane were not found above a detection limit of 1 /xg/kg 
at these sites. The constituents aldrin, lindane, 
endosulfan, endrin, ethion, heptachlor,heptachlor epoxide, 
methoxy-chlor, malathion, parathion diazinon, methyl 
parathion, mirex, trithion, and methyl trithion, were not 
found above detection limit of 10 /xg/kg]

[Concentrations as total in bottom material, in /xg/kg; 
<, less than]

Constituent

Chlordane
ODD
DDE
DOT
PCB
Ethion

2

4.0
1.2
1.9
1.0

<1<.i

Site
7

69
1.0
4.3
<.l
15
12

14

<1.0
.2

<.l
.4

<1<.i

As shown in table 7, the concentrations of selected constituents in the 
pond bed sediments can not only be high, but also variable. This varia 
bility may be caused by the random nature of the sampling technique or may 
indicate that intense storms create enough turbulence on the bottom of the 
pond to scour previously deposited constituents. The scoured constituents 
may either be deposited at another location in the pond or be transported 
out of the pond into the wetlands.
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The quality and quantity of water in pond dead storage before a storm 
begins will influence the dissolved, and, to some extent, the suspended 
constituent loads at the pond outlet because the pond outlet flow is a 
mixture of pond inlet flow and the water in dead storage. Table 9 shows the 
range of concentrations of selected constituents of stormwater runoff, the 
pond water, and the surficial ground water. Pond samples were drawn from 
the center of the pond water column at a depth of 2 feet, for 1, 2, and 3 
days after storms 4, 5, 7, and 11. The range of concentrations in pond 
water after the monitored storms is probably representative of the concen 
trations in the pond between storms, and thus, an indication of the pond 
water quality before the occurrence of the monitored storms. The dead 
storage volume of 54,000 ft 3 was greater than the storm runoff for 8 of the 
13 monitored storms (fig. 7). The blending in the pond during storms tends 
to reduce the maximum runoff concentrations and increase the minimum 
concentrations. This equalization of maximum and minimum concentrations 
between the runoff and the pond water occurred for chloride, solids, lead, 
and phosphorus (table 9). The equalization process also occurs for the 
maximum concentrations of zinc and nitrogen (table 9), but is probably 
masked for the minimum concentrations by chemical changes that occur between 
storms.

Table 9.--Range of selected constituent concentrations in storm runoff.
pond water, and surficial aquifer

[Storm runoff and pond water data are total concentrations for 
all constituents except chloride which is dissolved. Ground- 
water data are dissolved concentrations. Concentrations for 
pond water are samples from site 5, center of pond, 1, 2 and 
3 days after storms 4, 5, 7 and 11. Mg/L, milligrams per 
liter; /Jg/L, micrograms per liter; Pb, lead; Zn, Zinc; N, 
nitrogen; P, phosphorus]

  Storm runoff Pond water Ground water 
Constituent Maximum Minimum Maximum Minimum Maximum Minimum

Chloride (mg/L)
Solids (mg/L)
Lead (/Jg/L as Pb)

Zinc (/zg/L as Zn)
Nitrogen (mg/L as N)
Phosphorus (mg/L

as P")

11.0
511
910

530
3.32
.50

0.3
44
8

10
.50
.02

9.0
158
50

80
1.3
.20

1.6
62
13

10
.50
.06

74
--
12

56
9.5
.48

7.8
--

1

16
1.3
<.010

Chemical changes in the sediments and water column during both aerobic 
and anaerobic conditions and vegetative uptake in the littoral plant zone 
may decrease or increase constituent concentrations present in the water in 
pond dead storage. These biochemical transformations will affect the 
measured loads of constituents at the pond outlet, particularly for the 
smaller storms, and thus, may significantly contribute to the variability in 
the mass balance.
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Chemical and physical processes in the pond may explain reductions in 
some dissolved loads of the less chemically stable constituents. The 
dissolved phases of lead, nitrogen, organic nitrogen, and nitrate, for 
instance, were removed at a regression efficiency of 20 to 30 percent 
(tables 4 and 5). Dissolved ammonia, orthophosphorus, phosphorus, and 
dissolved orthophosphate were removed in the pond at a regression efficiency 
of about 70 percent.

Concentrations of constituents that form soluble complexes or are part 
of redox systems could be increased in the pond between storms. Zinc, a 
common man-induced metal, is known to form relatively soluble complexes in 
sediments and the water column (Forstner and Wittman, 1979). This may 
explain the negative regression efficiency found for dissolved zinc loads in 
the pond (table 4). The increased suspended and total nitrate loads from 
the pond (table 5) may be due to nitrification in dead storage water between 
storms.

Wetlands

The physical and chemical processes that occur in the pond may be 
amplified in the wetlands. The broad shallow wetlands with its long 
residence times, slow velocities, high surface area to volume ratio, is 
environmentally conducive to physical stabilization and biological activity.

The wetlands were effective in reducing suspended constituent loads. 
For example, suspended solids were reduced at a regression efficiency of 66 
percent, suspended lead at 75 percent, and suspended zinc at 50 percent. 
The processes of sedimentation, coagulation, and filtration through 
decomposing plant matter probably caused the reduction of suspended 
constituent loads in the wetlands.

The wetlands also reduces most constituent dissolved loads. For 
example, dissolved solids were reduced at a regression efficiency of 38 
percent, dissolved lead at 54 percent, and dissolved zinc at 75 percent. 
These reductions are probably due to processes such as vegetative adsorption 
and uptake through roots, chemical transformations in plants, and chemical 
transformations in the sediments and water column.

The changes in dissolved and suspended nutrients loads appear to be 
more complex than that found for solids, lead, and zinc. The regression 
efficiency for total ammonia and nitrate of 54 and 40 percent, respectively, 
(table 5) probably indicates that ammonia and nitrate are assimilated into 
the wetlands vegetation or lost through denitrification in the anaerobic 
benthic zone (Graetz and others, 1980).

Orthophosphate is rapidly assimilated by plants, although in oxygen- 
rich water, orthophosphate may form insoluble complexes with some metals. 
Soluble phosphorus is also rapidly recycled to the water column by decaying 
plants and inorganic complexes in bed sediments under anaerobic conditions. 
Persistent anaerobic conditions in the benthic zone probably account for the 
-30 percent regression efficiency found for dissolved orthophosphate, the +2
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percent regression efficiency for total orthophosphorus, and the relatively 
low 17 percent regression efficiency for total phosphorus in the wetlands. 
The large concentrations of nitrogen and phosphorus found in wetlands sedi 
ment (75,000 milligrams per kilogram (mg/kg) for nitrogen and 1,000 mg/kg 
for phosphorus, table 7), however, suggest that the wetlands is acting as an 
overall historical sink for some forms of nitrogen and phosphorus.

Combined System

The combined effects of the processes that occur in the system can be 
generally summarized by comparing the regression efficiencies of various 
constituents. The following ranks selected constituents according to the 
regression efficiencies of the system.

Regression 
____Constituent______efficiency

Total lead 83
Total zinc 70
Total solids 55
Total phosphorus 43
Total nitrogen 36
Total orthophosphorus 28
Major ions 2-16 
Dissolved nitrate__________7_____

The system achieved appreciable reductions in most constituent loads. 
For example, total solids, lead, and zinc were reduced from 55 to 83 per 
cent, and the nutrients total nitrogen, and phosphorus, and orthophosphorus 
were reduced at a regression efficiency of about 30 to 40 percent. Negative 
regression efficiencies were estimated for dissolved nitrate. The system 
acts as a sink for nitrogen, but part of the retained nitrogen is exported 
out of the system as dissolved nitrate.

Table 10 shows the concentrations of selected constituents found in 
samples taken from the surficial aquifer wells. In general, the system did 
not seem to appreciably affect the water quality of the surficial aquifer. 
The high concentrations of chloride in ground water along the west border of 
the system probably represent typical ground water chloride concentrations 
(table 10). The lower concentrations of chloride on the east side of the 
wetlands may indicate a movement of water in the wetlands through the sur 
ficial aquifer to the drainage canal. The presence of other stormwater 
constituents in the surficial aquifer is not indicated by the concentrations 
of those constituents found in the surficial aquifer. All the wells in the 
surficial aquifer sampled had dissolved lead concentrations between 1 and 4 
ug/L. Background dissolved lead concentrations in the pond ranged from 13 
to 50 ug/L (table 9).
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Table 10.--Concentrations of selected constituents in the surfical aquifer

[Samples collected April 1984. /iS/cm, microsiemens per centimeter; 
mg/L, milligrams per liter; Aig/L, micrograms per liter; Cl, 
chloride; Pb, lead; Zn, zinc; N, nitrogen; P, phosphorus]

Well
No.

1
2
3
4
5
7
8

Specific 
con

ductance 
(uS/cm)

250
160
210
300
175
170
105

Dissolved 
chloride
(mg/L 
as Cl)

28
31
54
74
37
7.8

11

Dissolved 
lead
(Mg/L 
as Pb)

2
2
4
3
3
1

Dissolved 
zinc
(Mg/L 
as Zn)

28
25
56
42
21
16

Total 
dissolved
nitrogen 
(mg/L as N)

3.2
1.4
1.3
1.4
1.4
9.5
3.3

Dissolved
phosphorus 
Cmg/L as P)

0.040
.480

<.010
.120
.150
.020
.020

SUMMARY

A detention pond-wetlands system that receives urban stormwater runoff 
was instrumented and data were collected to determine selected constituent 
load changes in the detention pond, wetlands, and the combined system. Data 
were collected to compute loads at the pond inlet, the pond outlet (wetlands 
inlet), and the wetlands outlet. Samples were collected and analysis made 
for 22 constituents contained in stormwater runoff. The constituents were 
grouped into 4 categories: major ions, selected physical and chemical 
properties, metals, and nutrients. Bulk precipitation, bed sediment, and 
surficial aquifer samples were collected and analyzed to aid in under 
standing the processes occurring in the detention pond and wetlands.

The detention pond-wetlands system receives runoff from a 41.6-acre 
mixed use urban basin. The detention pond has a storage volume between 
storms equal to about 0.35 inch of runoff from the basin and a total storage 
capacity of about 0.55 inch of runoff. Total storage capacity of the wet 
lands is about 0.80 inch of runoff.

Constituent loads, including the dissolved, suspended, and total phases 
for many constituents, at the pond inlet, pond outlet, and wetlands outlet, 
were computed for 13 storms.

A new analytical approach, not previously presented in the literature, 
was developed to determine a more precise estimate of the efficiency of the 
pond and wetlands in changing constituent loads. Rather than using a numer 
ical average of individual storm efficiencies to determine the overall
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efficiency, the method linearly regresses loads into a unit, such as a 
detention pond or wetlands, against loads out. The intercept is constrained 
to be zero as an engineering approximation to allow computation of an over 
all efficiency and to meet the general physical condition that zero loads- 
in, equivalent to zero rainfall, produces zero loads-out. The efficiency of 
the treatment unit is unity minus the regression slope. This efficiency is 
called the regression efficiency.

The detention pond was found to generally reduce suspended constituent 
loads. The pond has a regression efficiency of 65 percent in reducing 
suspended solids loads, 41 percent for suspended lead loads, 37 percent for 
suspended zinc loads, 17 percent for suspended nitrogen loads, and 21 
percent for suspended phosphorus loads. Settling of heavy suspended 
particles is probably the primary process controlling this reduction.

Some dissolved loads were generally reduced in the pond, but other 
loads were not. Major ion loads were mostly unchanged in the pond whereas 
dissolved lead and nitrogen regression efficiency was 29 and 24 percent, 
respectively. Dissolved phosphorus and dissolved orthophosphate were 
reduced at a regression efficiency of about 70 percent. Dissolved zinc was 
increased in the pond at a regression efficiency of -17 percent. Load 
changes of dissolved constituents commonly affected by chemical and 
biological transformations were generally quite variable.

The wetlands was generally effective in reducing both suspended and 
dissolved constituent loads. Regression efficiencies for suspended con 
stituents include 66 percent for solids, 75 percent for lead, 50 percent for 
zinc, 30 percent for nitrogen, and 19 percent for phosphorus. Dissolved 
phase constituent regression efficiencies were 38 percent for solids, 54 
percent for lead, 75 percent for zinc, 13 percent for nitrogen, and 0 per 
cent for phosphorus.   These changes are caused by the interaction of such 
processes as sedimentation, coagulation, filtration, adsorption, chemical 
transformation, and biological assimilation, and decomposition in plants.

The system achieved appreciable reductions in loads for most constit 
uents. Significant positive regression efficiencies for the system were 
found for all constituents except the nutrients dissolved nitrate and dis 
solved orthophosphate. System regression efficiencies include 55 percent 
for total solids, 83 percent for total lead, and 70 percent for total zinc, 
36 percent for total nitrogen, and 43 percent for total phosphorus.
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